A printed microstrip-fed four-port ultra-wideband (UWB) MIMO antenna is proposed. Four UWB antenna units are placed perpendicular to each other. Cross structure resonator is loaded on the back of the antenna to achieve high isolation. The UWB frequency is created by the rectangular patch with slots between the feedline and the patch on the front of the antenna. The overall volume of the antenna is 36.5×36.5×1.6mm
Introduction
Since the Federal Communications Commission (FCC) allocated frequency band from 3.1 to 10.6 GHz for commercial UWB communications [1] , UWB communication systems have attracted great attention due to their advantages such as small emission power, high data rate and low cost for remote-sensing and short-range access applications. Antenna design on UWB communication is a critical problem. As the 5G is coming, high transmission rate is demand on terminal devices today. Using MIMO antenna technology [2] is a good solution to achieve the demand. The integration of UWB technology and MIMO technology provides the high reliability required by UWB system, and it is hopeful to realize the high-speed, stable and long-distance transmission.
Improving the isolation between multi antenna units is the main subject of UWB MIMO antenna design. An effective method is to introduce coupling conductor stubs which can change the current distribution between antenna elements. For instance, a T-shape stub is inserted in the middle of two antenna units in Ref [3] . Another way to improve the isolation between antenna units is to slot on the ground, as in Ref [4, 5, 6] . The other methods like introducing neutralization line [7, 8] and distributing the units reasonable [9, 10] are also available. However, these ways have a common shortcoming which is that they can decouple only for specific frequency band. Therefore, how to achieve high isolation in the UWB frequency band and have simple structures in a compact size become urgent problems of UWB MIMO antenna design that are required to be solved or relieved.
In this paper, a compact four-port UWB MIMO antenna using cross structure is presented. By introducing the cross structure in the middle of the ground plane, high isolation is obtained in the ultra-wideband. The volume of the antenna is relatively small with 36.5×36.5×1.6mm 3 . The results of surface current distributions, isolation degree, correlation coefficients and radiation patterns are illustrated and discussed in detail. Figure 1 shows the proposed four-port UWB MIMO antenna. The antenna is printed on a substrate (FR4) with loss tangent of 0.0025 and relative permittivity of 4.4. The overall volume of the antenna is 36.5×36.5×1.6mm 3 . As we can see that the antenna consists of four UWB antenna units and each unit is fed by microstrip transmission line designed to achieve 50Ω characteristic impendence. It has a good impedance match over the entire UWB frequency range 3.1-10.6 GHz. The lowest operating frequency l f can be empirically predicted by the following Eq.1 [11] .
Antenna Design
Where c , r ε and L is the speed of light in free space, dielectric constant and the length of the antenna.
[ The rectangular patch with two slots connecting to the transmission line on the top of the antenna acts as radiation resonator to cover UWB frequency range. The four antenna units are placed perpendicularly to each other in order to isolate the units because of their different polarization directions. The cross structure resonator is introduced on the back side of the antenna to further improve the isolation degree between four antenna units as it can block the coupling current. The proposed antenna is fabricated and measured to verify the practical value of it. Figure 3 shows the photograph of it. 
Results and Discussions
The antenna is optimized by the CST studio suite 2011 version. The simulation results of the current distribution at 4GHz with and without cross structure resonator is shown in Figure 3 . Here, only port 1 is studied because of the symmetry of the structure. When port 1 is excited, the other ports are given 50ohm load. Comparing Figure 3 (a) and (b), we can see that the cross structure resonator separates the current effectively between four antenna units. Thus the length of the stretching resonance element has great influence on isolation between ports. Figure 4 shows the simulated isolation degree between port 1 and port 3 with different W 5 . The optimized value is 14mm with all the S 31 is below -15dB from 3.1-10.6GHz. Besides from the S parameter curves of Figure 5 , the isolation degree of each port of the structure is also less than -15dB. The reflection coefficient S 11 is less than -10dB during the UWB frequency range. In order to verify the correctness of the simulation, the antenna was welded with two 50ohm coaxial connectors, and its S parameters were tested by vector network analyzer AgilentE8363B. The measured S parameters are shown in Figure 6 . In contrast to Figure 5 , the measured S parameters are approximately consistent with the simulation. However, due to the error caused by fabrication process, welding and network analysis instrument, the measured value and simulation value has a little deviation which is in the acceptable range.
For MIMO antennas, the correlation coefficient is a significant index to reflect the relevance among different antenna channels. The lower the correlation coefficient, the better the independence is between the channels. The most commonly used calculation method of correlation coefficient is using the Eq. (2) [12] . 
Where the subscript i, j represent different ports. When the S parameters of the simulation are substituted into the Eq. (2), the correlation coefficient can be obtained. As shown in Fig7, the correlation coefficients of the antenna are less than 0.05 in the working frequency band, which shows that the antenna can be effectively applied to multi antenna systems. The CST-predicted and measured far-field radiation patterns for the proposed antenna at 4, 6 and 9 GHz are shown in Fig.8 , where yoz-plane presents E-plane and xoz-plane refers to H-plane. The results shown in Fig.8 demonstrate, as anticipated, that the H-plane patterns are omni-directional, while the E-plane patterns similarly behave as monopole antenna in the low frequency band. As the frequency goes up, tiny distortions occur. The reason is that when the frequency increases, the size of the antenna is larger than the wavelength. The antenna is no longer acts as an electric small antenna. 
Summary
A compact printed four-port MIMO antenna used for UWB applications has been presented and investigated. By inducing the cross structure resonator high isolation degree is obtained. And good impedance matching characteristics is achieved using two slots in the rectangular radiation patch. The antenna has low profile with the small volume which is only 36.5×36.5×1.6mm 3 . Good agreements between simulated and measured results are obtained. The proposed antenna is suitable for application in UWB MIMO communication system.
